




Kimberlite	 rocks	 and	 deposits	 are	 the	 eruption	 products	 of	 volatile-rich,	 silica-poor	
ultrabasic	magmas	that	originate	as	small-degree	mantle	melts	at	depths	in	excess	of	200	
km.	Many	kimberlites	are	emplaced	as	subsurface	cylindrical-to-conical	pipes	and	associated	









Kimberlite	magmas	 have	 the	 deepest	 origins	 of	 all	 terrestrial	magmas	 (>200	 km).	 They	
transport	 substantial	 loads	 (>25	 vol%)	 of	 dense	 mantle-derived	 rocks	 and	 minerals,	
including	 diamond,	 through	 the	 mantle	 lithosphere	 to	 the	 Earth’s	 surface.	 Ascent	 rates	
estimated	from	entrainment	of	large	(radii	>	10	cm)	mantle	xenoliths,	preservation	of	mantle	
temperatures	 in	 xenoliths,	 dehydration	 rims	 on	 olivine	 xenocrysts,	 dissolution	 rates	 of	
mantle	minerals,	and	combustion	or	graphitization	rates	of	diamond	are	as	fast	or	faster	(~1	
to	10’s	m·s−1)	than	those	ascribed	to	other	mantle-derived	magmas	(e.g.,	Eggler	1989;	Sparks	
2013).	 Total	 transit	 times	 through	 ~150–200	 km	 of	 relatively	 cool	 cratonic	 mantle	
lithosphere	are	estimated	at	<10	h	to	~2	days.	Rise	rates	could	be	lower	if	kimberlite	magmas	
are	 assumed	 to	 have	 significant	 yield	 strength.	 However,	 to	 entrain	 the	 deepest-seated	













There	 have	 been	 no	 historic	 eruptions	 of	 kimberlite	 volcanoes	 to	 constrain	 the	 styles,	
intensities	and	durations	of	eruption.	Much	of	our	understanding	derives	 from	studies	of	
kimberlite	 deposits	 preserved	 in	 subsurface	 bodies	 (FIG.	 1)	 for	 which	 diamond	 mining	
operations	have	contributed	a	unique	and	critical	body	of	knowledge	(Cas	et	al.	2008;	Field	
et	al.	2008).	Remnants	of	 the	original	volcanoes	and	surficial	kimberlite	deposits	are	 less	
common	but,	where	 preserved	 (e.g.,	 Fort	 à	 la	 Corne	 in	 Canada;	 Igwisi	Hills	 volcanoes	 in	
Tanzania),	they	directly	inform	on	kimberlite	volcanic	landforms	and	the	nature	of	the	intra-	
and	extra-crater	deposits.	
Here,	 we	 provide	 a	 summary	 of	 emerging	 ideas	 concerning	 the	 transport,	 ascent,	 and	
eruption	of	kimberlite	magma.	We	begin	with	near-surface	processes,	 for	which	we	have		




mineralogy	 and	 texture,	 including	 the	 abundance	 (~15–40	 vol%)	 of	 mantle-derived	
xenoliths	and	xenocrysts	(Mitchell	et	al.	2019	this	issue).	The	nature	and	composition	of	the	
primary	kimberlite	melts	entering	the	cratonic	mantle	lithosphere	(i.e.,	proto-kimberlite)	are	
obscured	 by	 the	 entrainment	 of,	 and	 chemical	 interaction	 with,	 these	 large	 volumes	 of	
xenolithic	 material.	 Kimberlite	 magmas	 are	 particularly	 complicated	 because	 their	
componentry,	character,	and	properties	may	be	highly	transient	and	evolve	during	ascent.	
Furthermore,	the	ultrabasic	composition	and	age	of	kimberlites	make	them	susceptible	to	
post-emplacement	 alteration	 (i.e.,	 serpentinization)	 and	 textural	 modification	 that	 will	
involve	a	loss	of	primary	pore	space	(Cas	et	al.	2008;	Field	et	al.	2008;	Brown	et	al.	2012).	
Melt	 compositions	 estimated	 from	 kimberlites	 that	 reached	 the	 Earth’s	 surface	 or	 the	
shallow	crust	are	generally	SiO2-poor,	MgO-rich,	and	are	thought	to	be	volatile-rich,	being	
dominated	 by	 CO2	 (<15	wt%)	with	 subordinate	H2O	 (e.g.,	 Price	 et	 al.	 2000;	 Sparks	 et	 al.	

















Remnants	 of	 kimberlite	 volcanoes	 preserve	 deposits	 of	 pyroclastic	 fallout,	 pyroclastic	
density	currents,	re-sedimented	kimberlite,	and	lavas	such	as	described	at	Fort	à	la	Corne	
(Pittari	 et	 al.	 2008;	Lefebvre	and	Kurszlaukis	2008;	Scott	Smith	2008)	or	 the	 Igwisi	Hills	
volcanoes	(Brown	et	al.	2012).	These	occurrences	suggest	there	are	a	diversity	of	eruption	
environments	 (subaerial	 vs	 subaqueous),	 styles	 (explosive	 vs	 effusive),	 and	 types	 of	
explosivity	 (magmatic	 vs	 phreatomagmatic)	 and	 also	 testify	 to	 the	 range	 of	 complex	
processes	that	fill	the	craters	and	the	pipes.	
The	Fort	à	la	Corne	kimberlite	field	comprises	>70	bodies	of	volcaniclastic	kimberlite	hosted	
within	 a	 contemporaneous	 non-volcanic	 sedimentary	 succession.	 The	 Fort	 à	 la	 Corne		
kimberlites	 erupted	 explosively	 from	 low-to-negative	 surface	 relief	 vents	 through	 weak	
sedimentary	 host	 rocks	 and	 into	 a	 marine	 setting,	 forming	 diverse	 pyroclastic	 and	
volcaniclastic	 extra-crater	 and	 crater-filling	 deposits.	 The	 environmental	 setting	 suggests	






ka)	 (Brown	 et	 al.	 2012).	 Three	 vents	with	 eroded	 low-relief	 pyroclastic	 cones	 (FIG.	 1A),	






pyroclastic	 cone	 formation	 from	a	mildly	explosive,	unsteady,	 Strombolian	eruption;	3)	a	
late-stage	 effusion	 to	 form	 a	 lava	 lake	 and	 small	 volumes	 of	 dense	 to	 poorly	 vesicular,	












instances,	 deposits	 within	 pipes	 can	 derive	 from	 later	 or	 synchronous	 eruptions	 of	
neighbouring	volcanoes,	e.g.,	at	the	Fort	à	la	Corne	field	(Lefebvre	and	Kurszlaukis	2008)	or	
the	Lac	de	Gras	field	(Moss	et	al.	2008).		
The	 complexity	 within	 kimberlite	 pipes	 reflects	 multistage	 eruptions	 rather	 than	 single	
catastrophic	 explosions.	 Most	 kimberlite	 deposits	 can	 be	 divided	 into	 two	 types:	
volcaniclastic	or	coherent	(Sparks	et	al.	2006;	Cas	et	al.	2008;	Sparks	2013).	Volcaniclastic	
kimberlite	 can	 be	 in	 the	 form	 of	 massive	 volcaniclastic	 kimberlite	 or	 variably	 layered	
volcaniclastic	kimberlite,	and	include	apparently	coherent	kimberlite	deposits	(FIG.	1B).	The	
apparently	coherent	kimberlite–type	deposits	have	pyroclastic	origins	but	form	dense	and	
coherent	 deposits	 (e.g.,	 Brown	 et	 al.	 2008),	 including	 clastogenic	 lavas	 (e.g.,	 the	 Victor	
kimberlite	 in	 Canada)	 and	 welded	 pyroclastic	 kimberlite	 (e.g.,	 Muskox	 and	 Jericho	
kimberlites	 of	 Canada),	 both	 of	 which	 are	 indicative	 of	 relatively	 high	 emplacement	
temperatures	of	700–950	°C	(Pell	et	al.	2018).	
Intrusive	Kimberlite	Deposits	











Recent	 studies	 of	 the	 Kelvin	 and	 Faraday	 kimberlites	 (Canada)	 describe	 complexly	
interlayered,	 xenolith-rich,	 coherent	 and	 volcaniclastic	 kimberlite	within	 shallow-dipping	
tubular-shaped	dykes	(Barnett	et	al.	2018).	These	enigmatic	bodies	(or	“chonoliths”)	pose	
major	 mechanical	 issues	 because	 their	 shapes	 are	 inconsistent	 with	 simple	 intrusion	
accommodated	 by	 elastic	 deformation	 of	 wall	 rocks.	 Instead,	 their	 geometry	 suggests	
removal	of	host	rock	to	create	space	thereby	allowing	flow	and	replacement	by	kimberlite	
(be	it	coherent	or	volcaniclastic).	Although	it	is	unclear	whether	these	are	part	of	an	“open”	


















eruption	 of	 0.1–0.2	 km3	 (dense-rock	 equivalent)	 of	 kimberlite.	 Assuming	 a	 range	 of	
sustained,	steady	exit-velocities	of	100–400	m·s−1,	capable	of	ejecting	 lithics	~7–10	cm	in	
diameter,	and	a	minimum	initial	pipe	diameter	(D	~10	m),	the	pipe	excavation	phase	would	
last	 a	minimum	of	~2.5–36	 h	 for	 a	 gas-charged	 (~70–90	 vol%)	 eruptive	 flux.	 	 Post-pipe	
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2C–F)	 are	 dominated	 by	 olivine	 but	 include	 clinopyroxene,	 garnet	 and	 ilmenite.	Notably,	
xenocrystic	orthopyroxene	is	rare	relative	to	its	abundance	in	peridotite	(FIG.	2E)	(Mitchell	
et	 al.	 2019	 this	 issue).	 Xenoliths	 and	 xenocrystic	 olivine	 grains	 can	 be	 moderately	 sub-
rounded	to	well-rounded	(FIG.	2A–D).	
The	 abundant	 xenocrysts	 result	 from	 the	 high	 ascent	 rates	 of	 the	 kimberlite	 magma.	
Consequent	 rapid	 decompression	 increases	 internal	 stresses	 within	 xenoliths	 inducing	





hindered	 by	 entrainment	 of	 large	 volumes	 of	 dense	 mantle	 material.	 Most	 models	 for	






magma	 entering	 the	 base	 of	 the	 cratonic	 mantle	 lithosphere	 was	 more	 carbonatitic	 in	








in	 the	 shallow	mantle	 and	 crust	 (FIGS.	 3A,	 3C),	 resulting	 in	 the	 crystallization	 of	 olivine	
microphenocrysts	 and	 in	 olivine	 overgrowths	 on	 partially	 resorbed	 xenocrysts	 (FIG.	 2F)	
(Brett	et	al.	2015;	Mitchell	et	al.	2019	this	issue).	Additional	evidence	for	early	and	sustained	
















The	 dynamics	 of	 dyke	 propagation	 can	 be	 described	 by	 theory	 for	 a	 fluid-filled	 fracture	
intruding	an	elastic	material.	This	theory	constrains	the	overall	3-D	geometry	of	kimberlite	
dykes	 and	 identifies	 the	 specific	 conditions	 for	 dyke-fed	 kimberlite	 eruptions.	 The	main	






m3,	 which	 is	 ~10	 times	 larger	 than	 the	 volume	 of	 material	 erupted	 by	 the	 Igwisi	 Hills	
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volcanoes	 but	 5–10	 times	 smaller	 than	 that	 erupted	 by	 A418	 (see	 above).	 However,	 the	














may	 raise	 the	 effective	 liquidus	 temperature,	 thereby	 inducing	 crystallisation,	 increased	
magma	viscosity	and,	ultimately,	dyke	arrest.		
Dyke	Velocity,	Magma	Flow	and	Eruption	Dynamics	
The	velocity	of	magma	within	 rising	dykes	varies	 spatially	and	 temporally	 (FIG.	4)	 and	 is	
highest	in	the	central	part	of	a	dyke	(Kavanagh	et	al.	2018).	Low-viscosity	magmas,	such	as	
kimberlite,	develop	a	high-velocity	magma	 “jet”	within	 the	dyke	which	 can	preferentially	
transport	mantle	xenoliths	and	enhance	mixing.	Moreover,	 turbulent	 flow	 in	 the	volatile-
filled	head	of	the	dyke	provides	an	environment	for	efficient	pre-eruption	milling	of	xenoliths	
and	xenocrysts	(FIG.	2)	(Brett	et	al.	2015;	Jones	et	al.	2019).	Competition	between	turbulence	






1980	 eruption	of	Mount	 St.	Helens,	 USA)	 and	consistent	with	 inferences	 from	kimberlite	
                                                             
4 For specifics regarding these calculations, see the supplementary content found at 
http://elementsmagazine.org/supplements. 
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deposits.	The	onset	of	dyke	eruption	will	be	 from	a	 short	 fissure	 that,	due	 to	 the	penny-
shaped	3-D	dyke	geometry,	is	much	narrower	than	the	dyke	in	the	sub-surface.	As	the	dyke	





































and	 so	 is	 unstable	 (i.e.	 Rayleigh–Taylor	 instabilities	 develop6);	 instabilities	 grow	 with	 a	






Our	model	 results	 indicate	 that	 time	 scales	 of	 episodic	 kimberlite	 ascent	 for	 layers	with	
widths	of	300	m	and	30	km	are	 in	 the	range	6	×	104	 to	6	×	105	years,	 respectively.	Melt	
accumulation	 rates	 (ℎ̇)	 of	 10−5	 m/year,	 taken	 as	 representative	 of	 asthenospheric	 melt	
segregation,	 imply	a	corresponding	thicknesses	(h)	of	0.68	m	and	6.8	m	and	accumulated	
melt	 volumes	 of	 48	 km3	 and	 4.8	 km3	 at	 these	 times.	 These	 calculations	 give	 timescales	




generally,	 the	 difference	 between	 the	 calculated	 magma	 volumes	 versus	 the	 field	
observation	 volumes	 reflects	 uncertainties	 in	 the	 choice	 of	 model	 parameters	 and	 the	
conditions	for	dyke	initiation.	
SUMMARY	




                                                             
5 For details about these models, see the supplementary content found at 
http://elementsmagazine.org/supplements. 
 




kimberlite	 magmas	 that	 erupt	 are	 inherited	 during	 their	 upward	 transport	 (via	 a	 dyke	




exsolved	magmatic	 fluids.	 Erupted	 kimberlite	 deposits	 also	 contain	 abundant,	 and	 often	
large	(>0.5	m),	dense	xenoliths	from	the	deep	mantle.	These	observations	raise	important	
unresolved	 questions	 concerning	 the	 extent	 and	 mechanisms	 of	 coupling	 between	 the	






























































































Figure	1.	Kimberlite	bodies	 in	exposure	and	 in	 cross	 section.	 (A)	 Igwisi	Hills	 (Tanzania)	






Figure	 2.	 Representative	 xenoliths	 and	 xenocrysts	 entrained	 by	 kimberlites.	 (A)	 Large,	
rounded	mantle-derived	peridotites,	Bultfontein	Mine	(South	Africa).	PHOTO:	J.	ROBEY.	(B)	A	
large	(~30	cm),	well-rounded,	smooth-surfaced,	eclogite	xenolith,	Roberts	Victor	kimberlite	




K.	 Russell.	 (E)	 Xenocrystic	 olivine	 (Ol)	 in	 kimberlite	 and	 a	 partially	 dissolved	 grain	 of	
orthopyroxene	 (Opx)	 from	 the	Diavik	 kimberlite	 (Canada).	 PHOTO:	C.	BRETT.	 (F)	 Euhedral	
olivine	from	the	Diavik	kimberlite	(Canada)	showing	late	“phenocrystic”	olivine	overgrowth	
(arrows)	on	a	sub-rounded	xenocrystic	core.	PHOTO:	C.	BRETT.		





also	 causes	a	 concomitant	drop	 in	CO2	 solubility	 (see	 Inset	B)	 causing	exsolution	of	CO2-
dominated	 fluid	 and	 increasing	 magma	 buoyancy.	 (B)	 Compositional	 and	 pressure	





sample	 and	 entrain	mantle	 xenoliths	which	 disaggregate	 to	 release	 xenocrystic	minerals	
which	 are	 variably	 assimilated	 causing	 exsolution	 and	 ultimately	 olivine	 crystallization	
(centre	panel).	The	evolution	of	SiO2	and	CO2	content	(right	panel)	as	a	function	of	transport	




Figure	4.	 Schematic	 illustrations	of	processes	operating	 in	an	ascending	kimberlite	dyke	
presented	in	vertical	cross-section	views.	A	vertical	pressure	gradient	(ÑP)	acts	along	the	
length	of	the	dyke,	which	comprises	a	volatile-rich	buoyant	tip	and	melt-rich	tail	ascending	
through	 an	 elastic	 medium	 (with	 Young’s	 modulus	 E	 and	 Poisson’s	 ration	 n).	 The	 dyke	
propagates	in	the	direction	of	maximum	compressive	stress	(s1)	at	a	velocity	of	U,	and	its	
thickness	 (w)	 is	 aligned	 with	 the	 minimum	 compressive	 stress	 direction	 (s3).	 	 It	 is	
surrounded	by	a	region	of	damaged	host-rock	(dashed	region).	In	thickness/length	view	the	
dyke	has	a	tear-drop	profile	shape,	with	a	wide	‘head’	region	(of	length	Lb)	and	pinched	tail.	








Figure 1. [Elements: Kimberlite - Chapter 6, 2019]
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as	products	of	sustained	explosive	eruption	within	debris-filled	pipes causing continous 










Fontana G, MacNiocaill C, Brown RJ, Sparks RSJ, Field M (2011) Emplacement temperatures 
of pyroclastic and volcaniclastic deposits in kimberlite pipes in southern Africa. Bulletin 
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where	µ1	is	the	viscosity	of	the	melt	layer	(~3	x	10-2	Pa	s;	Dobson	et	al.	1996),	 µ2	is	the	
mantle	lithosphere	viscosity	and	Dr is	the	density	difference	between	the	melt	layer	and	
overlying	mantle.		Mantle	viscosity	depends	strongly	on	temperature,	OH-content	and	
mineralogy,	and	we	adopt	a	value	~1020±1	Pa	s.	We	assume	Dr of	300	kg/m3.	Approximate	
values	of	ℎ̇	for	the	supply	of	proto-kimberlite	melt	derive	from	two	plausible	conceptual	
models.	If	we	assume	melt	results	from	0.1%	partial	melting,	a	mantle	plume	with	a	rise	
speed	of	0.1	m/y	(Steinberger	and	Atretter,	2009)	yields	a	1-D	melt	flux	(ℎ̇)	of	10-4	m/y	and	
would	imply	a	l	of	11,556	km.	Conversely,	a	passive	compaction	model	for	melt	extraction	
(Mackenzie	1985)	yields	an	estimated	accumulation	rate	of	~	10-5	m/year	and	 l	of	3,654	
km.	 	However,	these	wavelengths	are	much	greater	than	kimberlite	cluster	footprints	and	
thus	it	seems	that	equation	(S8)	results	in	geologically	and	physically	unlikely	results.		
	 We	thus	turn	to	a	model	(Seropian	et	al.	2018)	of	instability	from	confined	layers	
where	the	width	of	the	layer	is	much	less	than	l.	There	is	a	simple	linear	scaling	of	the	
actual	horizontal	dimension	of	the	buoyant	layer,	D,	to	l	with	time	(see	Seropian	et	al.	
2018).	A	representative	time	scale	for	exponential	growth	is:	
qG = 	
02
[0.053	'	Δ&	r]
																														(@9)	
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and	is	the	time	it	takes	for	a	small	perturbation	to	grow	in	height	by	a	factor	of	e	(i.e.	≈	
2.72).	The	physics	of	the	instability	for	magma	ascent	is	not,	however,	captured	in	equation	
S9,	but	we	expect	qG	to	scale	with	the	instability	time	through	the	following	arguments.	As	
previously	discussed	kimberlite	ascent	through	the	lithosphere	is	along	dykes,	so	an	RT	
instability	must	develop	conditions	for	brittle	failure.	As	an	RT	instability	grows	in	height	
there	will	be	an	overpressure	that	increases	with	height.	Further	for	exponential	growth	
(see	Figure	6	in	Seropian	et	al.	2018)	tensional	strain	rate	along	the	melt	mantle	boundary	
increases	with	time.	Both	of	these	changes	can	lead	to	eventual	failure	with	nucleation	and	
growth	of	a	dyke.		A	process	model	of	these	processes	has	yet	to	be	developed,	but	the	
instability	timescale	should	scale	as	indicated	by	equation	S9.	Thus	to	get	an	order	of	
magnitude	sense	of	the	frequency	of	kimberlite	ascent	and	magma	volumes	we	calculate	
values	of	qG .	
	 A	critical	layer	thickness,	h,	can	be	calculated	from	tc	and	ℎ̇	for	different	values	of	D.	
A	volume	of	magma,	Vm,	is	calculated	assuming	cylindrical	geometry	from	ph(D/2)2.		Values	
of	D	may	reflect	either	ponding	in	inverted	depressions	along	an	irregular	topographic	base	
to	the	lithosphere	or	be	dictated	by	spacing	of	deep	lithospheric	structures	that	facilitate	
melt	ascent.	Based	on	typical	scales	of	kimberlite	vent	clusters,	and	to	generate	time	scales	
similar	to	the	observed	rates,	we	assumed	D	values	of	300	and	30	km,	which	return	
timescales	of	68	to	680	ky,	respectively.	A	background	melt	accumulation	rate	(ℎ̇)	of	10-5	
m/year	implies	corresponding	thicknesses	(h)	of	0.68	and	6.8	m	and	volumes	of	48	and	4.8	
km3	at	these	trigger	times.	These	volumes	are	up	to	an	order	of	magnitude	higher	than	
volumes	of	individual	kimberlites	(3.5x10-3	to	1	km3).	However,	there	are	many	
uncertainties	in	the	choices	of	model	input	parameters.	Furthermore	a	significant	volume	
(>80%)	of	the	magma	generated	could	be	intruded	rather	than	erupted.		Thus	the	
difference	in	results	are	not	regarded	as	problematic.	
	 Future	models	of	melt	layer	instability	and	dyke	nucleation	need	to	be	developed	
that	can	be	reconciled	with	kimberlite	erupted	volumes	as	well	as	rates	of	kimberlite	
events.	
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